The ability of plants to sense their nitrogen (N) microenvironment in the soil and deploy strategic root growth in N-rich patches requires exquisite systems integration. Remarkably, this new paradigm for systems biology research has intrigued plant biologists for more than a century, when a split-root framework was first used to study how plants sense and respond to heterogeneous soil nutrient environments. This systemic N-signalling mechanism, allowing plants to sense and forage for mineral nutrients in resource-rich patches, has important implications for agriculture. In this review, we will focus on how advances in the post-genomic era have uncovered the gene regulatory networks underlying systemic N-signalling. After defining how local and systemic N-signalling can be experimentally distinguished for molecular study using a split-root system, the genetic factors that have been shown to mediate local and/ or systemic N-signalling are reviewed. Second, the genetic mechanism of this regulatory system is broadened to the whole genome level. To do this, publicly available N-related transcriptomic datasets are compared with genes that have previously been identified as local and systemic N responders in a split-root transcriptome dataset. Specifically, (i) it was found that transcriptional reprogramming triggered by homogeneous N-treatments is composed of both local and systemic responses, (ii) the spatio-temporal signature of local versus systemic responsive genes is defined, and (iii) the conservation of systemic N-signalling between Arabidopsis and Medicago is assessed. Finally, the potential mediators, i.e. metabolites and phytohormones, of the N-related long-distance signals, are discussed.
Introduction
In both natural and agricultural settings, plant roots face a heterogeneous nutrient environment. Understanding how a plant-as an integrated system-senses this heterogeneous nutrient environment in roots, communicates the signal systemically to shoots, which in turn deploy resources to enable root growth in the nutrient-rich patches, is a perfect model of systems-wide signal integration for Systems Biology. At the same time, this question of systemic nutrient signalling holds an historic position in the field of plant biology. In the beginning of the 20th century, scientists investigated 'split-root' plants in which half of their roots are exposed to complete nutrient solution, while the other root half is nutrient deprived, being exposed to nitrogen-(N) or phosphorus-(P) deficient solutions Carrero, 1917, 1921) . These historic studies reported what happens when roots are exposed to a heterogeneous nutrient environment: (i) the plants exposed to the heterogeneous environment absorb 75% of the nutrients -compared to plants in which both root halves are supplied with complete nutrients -and (ii) there is an imbalance in the growth of the two root halves according to their nutrient supply Carrero, 1917, 1921) . By mimicking and amplifying the heterogeneous nutrient conditions that plants encounter in the field, these very early 'split-root' experiments showed that, as sessile organisms, plants (i) perceive the partial nutrient deprivation sensed by one root half, (ii) trigger long-distance root-to-shoot communication, and (iii) combine this systemic signalling derived from the internal nutrient status, with local signals derived from external nutrient availability. This sensing of local versus systemic signals enables a systems-wide integration of the N-deprivation signal which, in turn, enables plants to compensate for partial nutrient deprivation by optimizing root-foraging in the most nutrient-rich part of the soil. From a plant breeding perspective, understanding the molecular basis of such adaptation to a fluctuating nutrient environment is crucial for improving nutrient/water uptake and use efficiency, and for reducing fertilizer costs with obvious economical and environmental benefits.
Experimentally, the split-root system has been used to understand the physiological and molecular response to heterogeneous nutrient environments across a range of species and nutrient environments. The most prominent response to non-uniform supplies of nutrients is the stimulation of root growth in areas where N-nutrients are the most concentrated at the expense of the growth of the nutrient-deprived roots, as observed originally in barley (Drew, 1975) . Subsequently, similar observations have been made in other plant species such as maize (Granato and Raper, 1989; Lainé et al., 1995) . In follow-up studies, they showed an enhancement of ionuptake capacity in nutrient-rich patches which uncovered a co-ordination between metabolism and root development (Drew and Saker, 1975, 1978) . A compilation of multiple studies varying for plant species, experimental designs, nutrients, and response attributes, have shown a large diversity of responses to heterogeneous nutrient environments suggesting complex specificities and interactions (Robinson, 1994 (Robinson, , 1996 . For instance, the process of proliferating roots in a non-uniform environment is also balanced by plant-plant and/or plant-microbial interactions (Robinson et al., 1999; Hodge, 2004 Hodge, , 2009 .
In this review, the focus will be on our current understanding of local versus systemic inorganic N-signalling, using the split-root system mainly obtained from model plant studies (though all the studies related to N 2 fixation will not be covered). First, the terms of local and systemic N-signalling will be introduced which will be used throughout the review. To begin, a brief review of the genetic factors that have been shown to play a specific role in either local or systemic N-signalling is given. Next, the molecular mechanism of this systemic N-signalling is interrogated at the genomic level by comparing publicly available N-related transcriptomic datasets. Specifically, the scope, spatio-temporal specificity, and conservation of systemic N-signalling is deciphered by integrating across these publicly available transcriptomic datasets. Three main questions are addressed. (i) Can the knowledge from the heterogeneous-N split-root experiments be used to assess the extent to which systemic N-signalling contributes to N-responses reported in whole root homogeneous-N studies where local versus systemic N-signalling cannot be distinguished? (ii) Is there a temporal and/or spatial signature for the genes specifically responding to local versus systemic N-signals? (iii) Is there conservation of gene regulation across different species in response to systemic N-signalling? Finally, a few hypothesized candidates that mediate N-related longdistance signalling are discussed.
Definition of local and systemic N-signalling
The definition of local versus systemic N-signalling used in this review relies on the split-root system as previously applied to Arabidopsis . In this 'split-root' design, roots of a single plant are 'split' in half and each half exposed to a heterogeneous N-environment; N-replete (Sp.KNO 3 ) versus N-depleted (Sp.KCl) (Fig. 1A) The roots of Control (C) plants are also 'split', but are exposed to a homogeneous N-environment; Control N-replete (C.KNO 3 ) or Control N-depleted (C.KCl). Responses to either local or systemic N-signalling can be distinguished in this split-root system (Fig. 1) . Responses can include root trait measurements (Fig. 1A ) or gene expression (Fig. 1B, C) . A local N-response is one that is significantly different in N-replete roots (Sp.KNO 3 and C.KNO 3 ), compared with N-depleted roots (Sp.KCl and C.KCl) (Fig. 1C) . By contrast, a response to systemic N-signalling occurs when a trait is significantly different between roots exposed to the same local environment (Sp.KNO 3 versus C.KNO 3 ), or (Sp.KCl versus C.KCl) -but differ in their distal N-environment (Fig. 1B) . Indeed, any difference between roots in the same local N-environment (e.g. Sp.KNO 3 and C.KNO 3 ), can only be explained by the effect of a systemic signal sent from their distinct distal N-environments. Thus, any modification in a molecular component (e.g. gene mutation) that affects such local or systemic N-responses (e.g. root growth or gene expression) is potentially considered as an element of the local or systemic N-signalling pathways.
Known genetic factors involved into local versus systemic N-signalling
In Arabidopsis thaliana, the first molecular element identified as a local and positive regulator of the root proliferation in a nitrate-(NO 3 -) rich patch is ANR1, a gene belonging to the MADS box family transcription factors (Zhang and Forde, 1998) . Indeed, in a vertical split-root system, transgenic plants displaying a low amount of ANR1 mRNA lost their ability to elongate lateral roots in a NO 3 --rich segment. Interestingly, transgenic lines over-expressing ANR1 display a stronger phenotype of root proliferation (length and quantity), specifically in the presence of NO 3 -. This finding suggests a possible post-translational activation of ANR1 by NO 3 -. Alternatively, other components of the ANR1-dependent signalling pathway may be regulated by NO 3 - (Gan et al., 2012) . One possible NO 3 --dependent component upstream of ANR1 is the NO 3 -transceptor (NPF6.3/NRT1.1), a NO 3 -transporter and receptor (Remans et al., 2006; Krouk et al., 2010b) . Indeed, NRT1.1-defective mutants also show reduced lateral root growth within NO 3 --rich patches and a strong reduction in the ANR1 transcript abundance (Remans et al., 2006) . NRT1.1 appears to have a dual role in the control of localized lateral root proliferation in non-uniform NO 3 -environments. On the one hand, in the low-N environment, NRT1.1 prevents root growth through a repressive effect on auxin accumulation in lateral roots (Krouk et al., 2010b) . This also has an impact on the stimulation of root growth in the NO 3 --rich patch (Mounier et al., 2014) . On the other hand, in the NO 3 --rich patch, NRT1.1 function is also required to stimulate lateral root growth in an auxin-independent manner, probably through a pathway involving ANR1 (Mounier et al., 2014) .
NO 3 -transport is the second main component of the N-acquisition system responding to non-uniform N-environments. Specifically, NO 3 -uptake is stimulated in roots continuously fed with NO 3 -, in response to N-deprivation in another part of the root system (Drew and Saker, 1975; Burns, 1991; Lainé et al., 1995; Tillard et al., 1998) . In Arabidopsis, one of the main high-affinity NO 3 -transporters NRT2.1, is responsible for the adjustment of NO 3 -uptake to partial N-deprivation (Lejay et al., 1999) . The transcriptional regulation of NRT2.1 has been shown to be a target of systemic N-signalling, integrating the nutrient status (Gansel et al., 2001) . Thus, by using the NRT2.1 promoter as a target in a genetic selection, a screen identified three mutants affected in the systemic repression of NRT2.1 by the high-N status, named hni for high nitrogen insensitive (Girin et al., 2010) . One of the three hni mutants is defective in a gene called IWS1 (Interacting With SPT6), which encodes a component of the RNA polymerase II complex, associated with Histone 3 methylation modification at the NRT2.1 locus (Widiez et al., 2011) . These three hni mutants have been shown to be unable to maintain the repression of NRT2.1 in high N-supply (Girin et al., 2010) . Thus, their role in stimulating NO 3 -transport in the scenario of partial N-deprivation has yet to be determined.
Other studies have identified important regulators of the N-signalling pathway controlling root development, NO 3 -transport, or N-metabolism (for reviews on these regulators see Alvarez et al., 2012; Gutierrez, 2012; Krapp et al., 2014; Krouk et al., 2010a) and also recent papers such as Vidal et al. (2013) . For example, the transcription factor NLP7 has recently been identified as a key element of the NO 3 -signalling pathway (Marchive et al., 2013) . Indeed, nlp7 mutants display reduced NO 3 -induction of NRT2.1 and N-metabolism genes, and show characteristic features of N-starved plants irrespective of N-supply (Castaings et al., 2009 ). In addition, chromatin immunoprecipitation has identified genome-wide NLP7 binding loci, including the NRT2.1 promoter region, and NLP7 intracellular localization is specifically and rapidly regulated by NO 3 - (Marchive et al., 2013) . Based on these studies, it is still difficult to determine whether NLP7 acts as a regulator of local or the systemic N-signalling, or both. Thus, specific split-root experiments using nlp7 mutants should help to place the role of NLP7, and also other regulators identified in the N-signalling pathway, in the context of local and/or systemic N-signalling.
Global gene expression reprogramming to local and systemic N-signalling
The hidden layers in conventional assays of N-signalling: local versus systemic N-signalling? To decipher the N-signalling pathway at a genomic level, many transcriptomic studies have been performed to compare N-treated versus control samples. These studies, which have almost exclusively been conducted in plant roots exposed to a homogeneous nutrient environment, have identified hundreds to thousands of N-responsive genes (Wang et al., 2003 (Wang et al., , 2004 (Wang et al., , 2007 Palenchar et al., 2004; Gifford et al., 2008; Krouk et al., 2010c) . In these conventional homogeneous N-supply treatments, plants sense the external N-availability, and integrate it with the internal N-status, to regulate root development and metabolism accordingly. Therefore, these conventional studies should involve both local N-signalling and systemic N-signalling. However, one cannot distinguish gene responses due to systemic N-signalling versus local N-signalling in these conventional homogeneous N-supply treatments. In this paper, a meta-data analysis has been performed to compare N-responsive genes from several widely-cited classic transcriptomic studies from homogeneous N-treatments (Wang et al., 2003 (Wang et al., , 2004 ) with a transcriptome study from split-root plants exposed to heterogeneous-N environments (plus controls), where gene responses to systemic N-signalling and local N-signalling could be distinguished . This comparative analysis enabled the extent of local versus systemic N-signalling to be identified within a plant exposed to homogeneous N-environments in the conventional global N-response studies.
For this comparative analysis, the data were used for global gene expression changes in response to systemic N-signalling versus local N-signalling, in plants grown in a 'split-root' framework exposed to a heterogeneous N-treatment for 2 h, 8 h, and 2 d . Effectively to compare these results with existing data for the conventional homogeneous N-supply, genes responding to local versus systemic-N signals at the three separate time-points were identified by reanalysing the transcriptome data in Ruffel et al. (2011) using two-way ANOVA with factor 'Split' and 'Nitrogen' at each time-point separately . Genes significantly regulated by local N-signals (pval of factor N <0.001) and genes significantly regulated by systemic N-signals (pval of N×Split interaction <0.001) were identified at each time-point. Using this approach, 436 'local N-responsive genes' were determined to be significantly regulated by local N-signals (Fig. 1C) at either one, two, or all three time points, but not significantly responsive to systemic N-signals at any of the time points (see Supplementary Table S1 at JXB online). At the same time, 117 'systemic N-responsive genes' were determined to be significantly regulated by systemic N-signals (Fig. 1B) , at either one, two, or all three time points, but not significantly regulated by local N-signals at any of the time points assayed (see Supplementary Table S1 at JXB online).
The two resultant lists of 'local N-responsive genes' (436 genes) and 'systemic N-responsive genes' (117 genes) were then compared with N-responsive genes identified in a highlycited set of conventional studies of whole roots exposed to homogeneous N-treatments (Wang et al., 2003 (Wang et al., , 2004 (Fig. 2) . (i) In the Wang et al. (2004) study, a 2 h homogeneous supply of NO 3 -(5 mM) was applied to wild-type plants and Nitrate Reductase (NR)-null mutants, and resulting changes in mRNA were measured using the ATH1 microarray (Wang et al., 2004) . Importantly, the comparative analysis of these gene sets, revealed that the N-induced genes in the wild-type plants in that conventional N-treatment study (Wang et al., 2004) , are significantly enriched in both local (pval <0.001) and systemic N-responsive genes (pval <0.001) identified from the Ruffel et al. (2011) split-root study ( Fig. 2A) . This finding supports the notion that the N-responsive genes observed in the conventional homogeneous N-treatment are indeed a mix of both local N-response and systemic N-responses. (ii) Next, in the Wang et al. (2003) study, gene responses to a 20 min homogeneous supply of 250 µM NO 3 -were measured using the ATH1 microarray, revealing >1 000 N-responsive genes in roots (Wang et al., 2003) . Again, the comparison with the split-root study of Ruffel et al. (2011) , revealed that the Genes regulated by local N-signalling (436 genes) and systemic N-signalling (117 genes) were identified using a split-root system featuring a heterogeneous N-treatment . Conventional N-treatment studies with homogeneous N-treatments of whole roots identified N-repressed genes and N-induced genes (Wang et al., 2003 (Wang et al., , 2004 ) (A), as well as genes specifically regulated by NO 3 − (using NR-null double mutants) (Wang et al., 2004 ) (B). To identify whether N-responsive genes in these 'classic' whole root experiments (Wang et al., 2003 (Wang et al., , 2004 ) are responding to local or systemic signals detected in the split-root system , a pair-wise comparison was performed to evaluate the magnitude and significance of overlap of the gene lists, using the Genesect function in the bioinformatics platform VirtualPlant (Katari et al., 2010) . Each cell of the table lists the overlap between the two gene sets being compared (row and column) including the number of overlapped genes and the significance of overlap (p-value). The yellow shading indicates a significant overlap (pval <0.001).
N-induced genes identified in the Wang et al. (2003) study are also significantly enriched with both local (pval <0.001) and systemic N-responsive genes (pval<0.001) (Fig. 2A) . (iii) Finally, a study of the NR-null mutant identified genes regulated by NO 3 -, but not by the N-assimilates. These correspond to genes that are regulated by NO 3 -in both the wild-type and the NR-null mutant (Wang et al., 2004) . Interestingly, this list of NO 3 --induced genes (Wang et al., 2004) are also enriched with both local (pval <0.001) and systemic N-responsive genes (pval <0.001) (Fig. 2B) . This result is consistent with the notion that NO 3 -per se is part of the signal that triggers the systemic N-response .
The above meta-data analysis supports our initial hypothesis that responses to both local and systemic N-signals occur in plants exposed to a homogeneous N-environment, but these two classes of genes are indistinguishable in the conventional homogeneous N-treatment studies. To illustrate this point, the gene expression profiles from the split-root system were overlaid with the 445 N-induced transcripts identified by conventional homogeneous-N whole root studies by Wang et al. (2004) (Fig. 3) . The majority (76.4%) of the N-induced transcripts in the conventional N-response studies (340/445 genes) (Wang et al., 2004) are also N-induced in the split-root study , as they are expressed at higher levels in C.KNO 3 compared with C.KCl in the split-root system (Fig. 3A) . This comparison of C.KNO 3 to C.KCl in the split-root studies , similar to the N-treated and mock treated samples in conventional N-treatment studies, comprise the 'visible layer' of typical N-regulation studies (Fig. 3A) . Importantly, the expression patterns of the N-induced genes in the Sp.KNO 3 and Sp.KCl conditions, which are the result of the unique heterogeneous N-treatments in the split-root system, reveal that some of the N-induced genes in the whole root study (Wang et al., 2004) are driven by a local N-response only (Fig. 3B) , while others are driven by a systemic-N response (Fig. 3C) . The analysis of gene expression in the split-root system thus enables the separation of local N-response from systemic N-response, uncovering the 'hidden layers' of N-regulated gene response in whole-root studies (Wang et al., 2003 (Wang et al., , 2004 . This finding underscores the fact that plants integrate their responses to both local and systemic N-signals, even when exposed to homogeneous N-environments.
The temporal and spatial expression of local versus systemic N-responsive genes
Fine-control of both temporal and spatial gene expression is essential for plants to respond to the environment. When initially exposed to an uneven distribution of nutrient N in the environment, the local N-environment dominates the global gene expression profile in roots. By contrast, the systemic response kicks in at a later time-point since it involves an integrated response to local and distal N-signals. In Arabidopsis, local signalling predominates at the 2 h time-point, while long-distance signalling kicks in at the 8 h time point (Ruffel Fig. 3 . Uncovering a 'hidden' layer of systemic-N signalling in whole root studies: genes responding to local versus systemic N-signals in 'conventional' whole root studies are identified by a comparison with split-root studies. In a classic whole-root study, 445 genes induced by NO 3 − in roots were identified using a 2 h homogeneous N-treatment (Wang et al., 2004) . 340 of these N-responsive genes in the whole-root study are also regulated by N in a split-root set-up, as they are expressed more highly in C.KNO 3 than C.KCl at the 2 h time-point in the split-root study . The expression patterns of those 340 N-regulated genes conserved between the conventional whole-root and split-root study were visualized as heatmaps. These heatmaps use the expression data from the split-root system at the 2 h time point after heterogeneous N-treatments . (A) A comparison between C.KNO 3 and C.KCl in the split-root studies , mimicking and validating the N-induction identified in the homogeneous N-treatment (Wang et al., 2004) . More importantly, these N-induced genes include two different groups. (1) Panel (B) shows that some of these 'classic' N-induced genes from whole root studies of (Wang et al., 2004) , are driven by local N-signalling (with an expression pattern of C.KNO 3 ≈Sp.KNO 3 ≠Sp.KCl≈C.KCl). This analysis was performed using a PTM tool in Mev (Saeed et al., 2003) with a cut-off R >0.8. (2) Panel (C) shows that the unique 'split-root' conditions Sp.KNO 3 and Sp.KCl reveal a hidden layer of information about N-signalling that was invisible in the classic 'wholeroot' N-study. Indeed, some of the 'classic' N-induced genes in the whole roots of Wang et al. (2004) are significantly regulated by systemic N-signalling (with an expression pattern as C.KNO 3 ≠Sp.KNO 3 , Sp.KCl≠C.KCl), again as identified by PTM tool in Mev (Saeed et al., 2003) with a cut-off R >0.8. The clusters were generated using Hierarchical Clustering in MeV (Saeed et al., 2003) . et al., 2011) . In a separate fine-scale time-series transcriptome study of whole roots, dynamic N-responsive genes were measured as early as 3, 6, 9, 12, 15, and 20 min after N-provision (Krouk et al., 2010c) . By integrating this fine-scale dynamic N-response study (Krouk et al., 2010c) , with the local versus systemic N-responsive genes derived from the split-root study , it was possible to uncover the temporal characteristics of the two distinct N-responses-local versus systemic N-signalling (Fig. 4) . The early N-responder genes (6, 9, and 12 min) from the whole root study, are specifically enriched in local N-responsive genes (pval <0.001), but not in the systemic N-responsive genes (Fig. 4) . By contrast, the late response genes in whole roots (15 min and 20 min) are significantly enriched in both local and systemic N-responsive genes (Fig. 4) . This result suggests that the genes responsive to local N-signalling are induced rapidly (<6 min), while the genes regulated by systemic N-signalling are induced by systemic N signals at later time-points (>15 min and 20 min) (Fig. 4) .
In addition to this temporal specificity, it was also asked whether systemic N-signalling displays any spatial specificity (e.g. in specific tissues or cell-types). The systemic N-response was originally observed as the differential outgrowth of the lateral roots in response to heterogeneous N-supply . The role of shoots in this response, was uncovered using a decapitation assay which showed that systemic N-signalling in roots, is dependent on the shoots . Therefore, a root-shoot-root signalling circuit was proposed to explain systemic N-signalling . In this model, the roots sense the local N-environments on each half of the split roots, and send a root-shoot signal, which is 'processed' by the shoots. The shoots then send a shoot-root feedback signal to adjust the root-growth. These various steps including N-sensing, shoot-root communication, and lateral root growth regulation, probably involve N-responses in different tissues and cell-types within the Arabidopsis roots. Indeed, in a study of cell-specific N-responses, Gifford et al. (2008) showed that N-repression of lateral root outgrowth is mediated by a mir167-ARF8 module that occurs specifically in the pericycle (Gifford et al., 2008) .
To decipher the spatial context of the local versus systemic N-signalling, a meta-data analysis was performed by integrating the systemic-N study , with the cell-specific N-response study of Gifford et al. (2008) . Four cell-types (lateral root cap, epidermis/cortex, endodermis/ pericycle, and stele) spanning the inner-to-outer cell-layers of roots were examined for their gene expression response to a 3.5 h treatment of NO 3 -in Gifford et al. (2008) . A total of 771 transcripts were shown to be N-responsive across all root cell types examined in this study (Gifford et al., 2008) . More importantly, this study uncovered a total of 5 396 transcripts which showed a cell-type specific N-response, and were clustered based on the spatial specificity of their N-response (Gifford et al., 2008) . Among these cell-specific N-responsive genes, five clusters were comprised of genes with the highest tissue-specificity for their N-response: (i) N-repressed in lateral root cap only, (ii) N-induced in the pericycle only, (iii) N-repressed in pericycle only, (iv) N-induced in stele only, and (v) N-repressed in stele only (Fig. 5A) . Next, these five highly cell-specific N-response gene clusters from the Gifford et al. (2008) study were compared with the local versus systemic N-responsive genes in the split-root study (Fig. 5A) . This comparative analysis revealed that genes To identify a fine-scale time-course of N-induction, the genes responsive to local N-signalling (436 genes) and genes responsive to systemic N-signalling (117 genes) identified in Ruffel et al. (2011) were compared with a fine-scale, dynamic study of N-responsive genes in whole roots at 0, 3, 6, 9, 12, 15, and 20 min after N-provision (Krouk et al., 2010c) . The pair-wise comparison of these gene lists was performed using the Genesect function in VirtualPlant (Katari et al., 2010) , which can evaluate the magnitude and significance of overlap of the two gene lists. Each cell lists the number of genes that overlap between the two gene sets being compared (row and column) and the significance of overlap (p-value). The yellow shade indicates an overlap is significant (pval <0.001).
responding to local N-signals are significantly enriched in the stele-specific N-induced gene cluster (hypergeometric distribution pval=0.006) (Fig. 5A ). By contrast, the genes responding to systemic N-signals are significantly enriched in the pericycle-specific N-responsive gene cluster (hypergeometric distribution pval=0.034) (Fig. 5A ). This distinct cell-specific spatial pattern of local and systemic N-response genes, may reflect the fact that local N-availability triggers a long-distance signal (e.g. NO 3 -or cytokinin) from root-to-shoot via the vascular tissue (stele) (as shown in Ruffel et al., 2011) . By contrast, systemic N-signalling drives gene regulation in the pericycle, to regulate the lateral root growth (as shown in Gifford et al., 2008) (Fig. 5B) .
Conserved systemic N-signalling across species: Arabidopsis versus Medicago
A comparative analysis of local and systemic N-signalling across species should be able to uncover conserved molecular players. Local and systemic N-signalling has been studied at the genomic level in both Arabidopsis and in the legume Medicago truncatula (Ruffel et al., 2008) . A split-root study in Medicago, identified 892 genes responding to systemic N-signalling, when NO 3 -was provided as the N-source (Ruffel et al., 2008) . This provides a unique opportunity to compare the systemic N-response across two dicot species, a N-fixing legume Medicago (Ruffel et al., 2008) and a non-legume Arabidopsis .
To do this comparative genomic analysis, the 892 genes in Medicago that are regulated by a systemic N-signal, were mapped to 587 Arabidopsis homologues, using the homologue mapping resource made available by public Medicago truncatula genomic resources (medicago.org). The systemic N-responsive genes in Medicago were then compared with the 123 systemic N-responsive genes in Arabidopsis . This analysis revealed a significant overlap (10% overlap; pval <0.001 compared with a random test) of 12 conserved systemic N-responsive genes between Arabidopsis and Medicago. This significant overlap indicates that the molecular mechanism of systemic N-signalling is conserved in legumes and non-legumes, to a certain extent. Interestingly, the list of conserved molecular players responsive to systemic N-signalling includes the essential N-assimilation genes reported as NO 3 --responsive in (Wang et al., 2003) , including a NO 3 -transporter NRT2.4 (AT5G60770), and the NO 3 -assimilation genes NR2 (AT1G37130), NIR1 (AT2G15620), 6PGDH (AT5G41670), UPM1 (AT5G40850), and MOT1 (AT2G25680) ( Table 1) .
Despite this significant overlap, the majority of the systemic N-responders in Medicago are not regulated by systemic N-signals in Arabidopsis. This may represent biological variation due to differences in the experimental set-ups. Indeed, in the Arabidopsis experiments, young plants were assayed (i.e. 14-d-old max) and the transcriptomic responses were recorded between 2 h and 2 d after the N-split treatment ; whereas in the Medicago experiments, older plants were assayed (i.e. 5-weeks-old) and transcriptomic responses were recorded 4 d after the N-split treatment (Ruffel et al., 2008) . have distinct cell-specificity patterns of N-response (Gifford et al., 2008) 
. (A)
The genes responsive to local N-signalling (436 genes) and genes responsive to systemic N-signalling (117 genes) identified in Ruffel et al. (2011) , were compared with N-responsive genes identified in different root cell types (Gifford et al., 2008) . The x-axis represents the categories of cell-specificity of N-response. The y-axis represents the percentage of N-responsive genes that belongs to each cell-specific category. To determine the enrichment level of a cell-specific N-response, for example, stele-specific, the percentage of systemic or local N-responsive genes that are N-responsive specifically in the stele, was compared with the background derived from data in Gifford et al. (2008) . Specifically, the 'background' is the percentage of stele-specific N-responsive genes, out of all the different cell-specific N-responsive genes combined (Gifford et al., 2008) . The significant p-value of the difference in percentage calculated using hyper-geometric distribution is shown. (B) Illustration of the possible mechanism underlying such cell-specificity is given.
This large difference in experimental set-up probably leads to an underestimation of the level of conservation of the systemic N-response between the two species. On the other hand, this suggests that the 12 conserved genes, which were identified despite the difference in experimental conditions, are crucial targets for N-systemic signalling. This result, therefore, provides exciting opportunities for developing new studies aimed at deciphering the gene regulatory network controlling their expression. Alternatively, the specificity of the gene responders may also represent unique features of systemic N-signalling in Medicago, an N-fixing plant species. A Gene Ontology (GO) term of enrichment analysis of the Medicago genes regulated by systemic N-signalling identified highly significant GO terms such as 'Response to biotic stimulus' , and 'Response to chemical stimulus' . By contrast, such GO terms are lacking among the systemic-N responsive genes in Arabidopsis (at FDR corrected pval=0.05). These unique functional annotations associated with systemic N-responsive genes in Medicago are possibly relevant to the capacity of Medicago to form symbiosis with Rhizobium bacteria for N-fixation.
Potential partners in long-distance N-signalling: NO 3 -, N-metabolites, auxin, and cytokinin Next, the question was asked if N-treatment and mutant studies can be compared in Arabidopsis in order to get at the heart of what the long-distance N-signals might be. Basically, to do this, the N-related long-distance signalling studies can be sorted according to the phenomenon used to report it. For example, some studies focused on NO 3 -transport (also using gene expression especially for NRT2.1), while others focused on root developmental responses in plants exposed to a heterogeneous N-environment. Interestingly, a lot of parallels can be found when the two approaches (e.g. gene regulation or root responses) are compared, but some differences also appear. This comparison is of great interest to reveal the diversity of the potential long-distance signalling molecules involved in systemic N-signalling.
First, a series of studies demonstrate that NO 3 -transport (Drew, 1975; Burns, 1991; King et al., 1993; Lainé et al., 1995) , and in particular NRT2.1 gene regulation, are under the control of long-distance N-signalling (Krapp et al., 1998; Lejay et al., 1999; Gansel et al., 2001) . In these studies, the NRT2.1 gene is induced by local NO 3 -signals, but it is repressed by high NO 3 -levels. Moreover, this repression is lost in a Nitrate Reductase mutant. These observations led to the hypothesis that the expression of the NRT2.1 gene may be under a repressive effect of reduced forms of N (Krapp et al., 1998; Lejay et al., 1999) . Split-root experiments also support this idea. Indeed, the N-deprivation on one side of a split-root, was able to reactivate the NRT2.1 gene expression and high-affinity NO 3 -transport on the NO 3 --fed side of the root (Gansel et al., 2001) . In this situation, the reduced pool of internal-N was proposed to be responsible for the de-repression of NRT2.1 on the side that is NO 3 -replete (Gansel et al., 2001 ). In a second study, split-root experiments were performed to uncover the molecular mechanisms that allow plants to explore the NO 3 --rich patches of the soil (Forde, 2002) . In that study, auxin was proposed to be part of long-distance N-signalling, adjusting root growth to the N-demand of the plant (Forde, 2002) . This proposal was supported by many observations including the discovery that axr4 (for auxin resistant 4) mutants are affected in their root proliferation response to local NO 3 -provision (Zhang et al., 1999) . Some split-root experiments were also performed in maize, where auxin-transport inhibitors were provided between the shoots and the NO 3 --rich patch (Liu et al., 2010) . In these maize experiments, the authors demonstrated that auxin-transport from shoot-root was a crucial component to induce root growth in NO 3 --rich patches (Liu et al., 2010) . A parallel case can be made for NRT2.1 expression. Indeed, it has been reported that NRT2.1 (often used as a reporter of N-status) is actually repressed by auxin provision, and that this repression is lost on decapitated plants (Gan et al., 2012) . Again, this provides a nice parallel between NO 3 -transport regulation and lateral root development, for the role of auxin in longdistance N-signalling from shoot-root.
Cytokinins (CK) have also been proposed to be a root-toshoot reporter of NO 3 -availability. Several pieces of evidence support this, as more thoroughly discussed in Krouk et al. (2011) and Ruffel et al. (2011) . The most important evidence to date is the fact that (i) the CK biosynthesis genes IPT3,5 are regulated in response to NO 3 -treatment (Takei et al., 2004) , (ii) CK accumulates in shoots in response to varying N conditions in roots (Rahayu et al., 2005) , probably through the activity of CYP735A1/A2 catalysing the trans-hydroxylation of CK to synthesize the root-shoot mobile trans-zeatin type CK (Kiba et al., 2013) , and (iii) CK controls root development (Laplaze et al., 2007) . More recently, using a splitroot set-up, Ruffel et al. (2011) showed that there are at least two long-distance signalling pathways in plants involved in communicating the distal N-status between the two sides of the split-root system. The Ruffel et al. (2011) study provided a 'transitive closure' between NO 3 -→CK, and CK→root development, closing the loop by experimentally validating that a NO 3 -→CK→root relay is involved in systemic-N signalling. Specifically, the authors showed that NO 3 --induced CK biosynthesis was involved in the control of genes regulated by systemic-N signalling (including NRT2.1) and lateral root development. This 'transitive closure' demonstrated that CK synthesis is a crucial process involved in the root-to-shoot communication events in systemic N-signalling, thus informing plants of the heterogeneous availability of N in the soil. It is very important to note that these systemic-N signalling events are maintained in the NR-null mutant (Wang et al., 2004) . This demonstrates that NO 3 -is the actual N-signal in this particular experimental set-up, rather than N-reduced forms as previously proposed (see above). This conclusion supports a 20-year-old finding that NR mutants of tobacco accumulate NO 3 -in their shoots, which may be an important signal for root development (Scheible et al., 1997) .
Taken together, these studies support the notion that amino acids, auxin, CKs, and NO 3 -itself are signalling molecules integrated to co-ordinate plant growth with nutritional status. The signalling pathways involved in the crucial entanglements are extensively reviewed in Krouk et al. (2011) . Further investigations, including systems approaches on specific molecular players, are needed to solve this important problem of the relationship between nutrition and plant development.
Concluding remarks
Plants, as sessile organisms, have the ability to sense and respond to their environment. One remarkable example is that they are able to sense and respond to the nutrient environment in the soil. When exposed to a heterogeneous N environment in the soil, plants optimize root growth to enhance N-acquisition. They do this by sensing and integrating their internal nutrient status with the external local nutrient availability. Indeed, this interconnected regulatory network leads to enhanced root development and N-uptake, specifically in the roots exposed to N-rich patches of the soil. Despite the importance of these adaptive processes from a plant breeding perspective, only a very few of the molecular components involved in these local and systemic N-signalling networks are known. Genetic approaches have identified some of these molecular components. However, the holistic systems biology approaches using transcriptomics combined with the classical split-root system, will help to derive new hypotheses about the mechanisms underlying local and systemic signals in model plants. Then, a certain level of conservation of these mechanisms may enable translational studies toward crop species. In addition, the systems biology approaches, by deriving new hypothesis, will help to discover the molecules that act as longdistance signals such as hormone or metabolites, which probably correspond to the most conserved adaptive response to heterogeneous nutrient environment among plant species.
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Supplementary data can be found at JXB online.
Supplementary Table S1 . Local and systemic N-responsive genes.
